We have developed a high-efficiency fiber link (HE mode) connecting Okayama 188-cm telescope to the highresolution spectrograph, HIDES, in order to improve the throughput of the observing system while keeping its radial-velocity measurement precision. In the HE mode, a multi-mode optical fiber collects stellar light within a 2.7-arcsecond diameter field of view (FOV) at the Cassegrain focus, which is twice as large as that of the typical seeing size at our observing site. An image slicer is used at the other end of the link, just in front of the entrance of HIDES, to keep the proper high spectral resolution for such a wide FOV. We have found that the maximum total throughput of the HE mode observations at around 550 nm reaches as high as 9%. Its practical throughput is also found to be more than twice that of the conventional slit observations. We have also confirmed that its reciprocal resolution is over 50000, as designed. The minimum available wavelength, which is determined from an inter-order gap of the echelle spectrum, is about 440 nm, where the gap becomes as narrow as 5 pixels on the CCD detector for the red cross-disperser of HIDES. From measurements of the rms errors of the radial velocity of some stars over one year, the long-term precision is as good as a few m s 1 . The fiber modal noise that could degrade the observed spectra may not be significant in the HE mode, as long as the signal-to-noise ratio of a spectrum is lower than 1500.
Introduction
The HIgh Dispersion Echelle Spectrograph, HIDES, attached to the 188-cm telescope, has been the most frequently used common-use instrument at Okayama Astrophysical Observatory (OAO). It is located at the coudé focus of the telescope, and is a conventional cross-dispersed echelle spectrograph using two reflective gratings (Izumiura 1999) . Since its first-light in 1999, we have continuously improved its performance. In late 2000, we installed an iodine absorption cell (I 2 cell: Kambe et al. 2002) , which opened up new applications of HIDES to the fields of exoplanet searches (Sato et al. 2005 (Sato et al. , 2008 Toyota et al. 2009 ) and asteroseismology (Kambe et al. 2008; Ando et al. 2010) . In 2007, we installed a mosaic of three CCD detectors, which enabled us to observe about a 375 nm wavelength region simultaneously.
Our current concerns on the performances of the observing system are mainly its throughput and radial-velocity measurement precision. The maximum total throughput, including atmospheric extinction and efficiencies of the telescope and spectrograph, is about 4%, according to HIDES quick observing recipe.
1 This relatively low efficiency is partly due to the four mirrors in the coudé train, and rather simple coatings applied to the surfaces of optical components. In practical observations, spillover of the stellar light from the entrance slit of HIDES is considerable for the typical seeing condition; the slit width for the reciprocal resolution (R) of 61000 corresponds to only a 0
00
. 76 field of view (FOV), while the typical seeing size at OAO is 1 00 . 5. Further, guiding errors of the telescope also decrease the throughput by another few tens of percent. Therefore, the actual throughput is normally less than 2%. As for radial-velocity measurements, its precision is evaluated to be about 2 m s 1 for a few week-long run, and about 6 m s 1 for a long-term period (Kambe et al. 2008; Sato et al. 2008) . They are, however, at most moderate precisions for similar instruments nowadays, and frequently not good enough to detect low-mass exoplanets or tiny oscillations in stars.
A fiber link between a telescope and a spectrograph is an attractive solution to improve the throughput as well as the radial-velocity measurement precision. After its first application to a multiple object spectrograph in 1979 (Hill et al. 15-2 E. Kambe et al. [Vol. 65, 1980) , techniques for optical fibers were rapidly developed in the 1990's (Heacox & Connes 1992; Parry 1998) , and currently not a few fiber-fed high-resolution spectrographs have a total throughput of higher than ten percent. As for a precise radialvelocity measurement, the merit of image scrambling in optical fibers was perceived in its early stage (Heacox 1988; Brown 1990) , and nowadays super-stabilized high-resolution spectrographs have been built, while taking advantage of a marvelous flexibility of optical fibers that allow one to detach spectrographs from their telescopes. In fact, a high-resolution spectrograph fed by multi-mode optical fibers is likely to be one of the standard styles of observing configurations in the years to come until an adaptive optics in the optical region becomes available. We started developing new fiber links between the 188-cm telescope and the spectrograph in 2007. In this paper, we mainly report on the development of a high-efficiency fiber link (hereafter, HE mode). In this mode, we installed an image slicer at the entrance of HIDES, which could drastically decrease the light loss at the entrance of the spectrograph while keeping the intended spectral resolution. So far, we have not touched the spectrograph, itself, and have left the coudé train as it is, partly because we like to keep HIDES running as the common-use instrument, and partly because the slit configuration is useful both for focusing the spectrograph and for making flat-field corrections in data reduction, even for the HE mode.
In section 2, we describe scientific motivations and required performances for the HE mode as well as its optical design, mechanical components, and software. In 2009 December, we had the first-light of the HE mode and made commissioningphase observations throughout the year, 2010. In section 3, we explain our strategy of commissioning-phase observations, and then show some performances of the HE mode from those observations. Lastly, we summarize the current status and future prospects of our fiber-link project in section 4.
Instrument Description
In this section, we firstly describe the design concepts on the HE mode determined both from scientific needs and technical feasibility, and then explain individual components of the fiber link.
Design Concepts on HE Mode
Our principal purpose of the HE mode is to improve the throughput of the HIDES observing system. It is apparent that the improvement merits most observations with HIDES, but we have focused on more specific observations to decide the configuration of the HE mode, that is, exoplanet search programs, since recently more than 100 nights per year are being assigned to them. Among such programs, the largest one is a long-term exoplanet search around the G giants project (Sato et al. 2005) , which started in 2001, and now uses about 70 nights per year. Although they currently monitor about 300 stars, they further solicit both increasing the number of targets and improving the radial-velocity measurement precision in order to discuss statistics and features of planetary systems more profoundly on the basis of a larger sample. For example, improving the throughput by 1 magnitude allows them to monitor more than 1000 stars in the project, because their observations are mostly exposure-time limited. The improvement of the throughput will also contribute to lower the detection limit of the exoplanet's mass by executing multiple exposures for a star in such a way that can average radial-velocity variations due to stellar oscillations (Pepe & Lovis 2008) . This strategy may efficiently work for G giants by making several exposures for a star during a week-long run, since the typical time scale of oscillations of these stars is hours to days, and their amplitude is more than several m s 1 in radial velocity. In fact, we have already started such observations for some of the target stars in the exoplanet search project. Technically, it may be critical to suppress the light loss at the entrance of HIDES so as to improve the throughput to such an extent. In figure 1 , we show how observing throughput changes with the seeing condition both for optical fibers with various FOV (solid lines) and for the conventional 1-arcsecond slit (dashed line). Here, we assumed a Gaussian profile as the shape of the stellar image. From this figure, it is apparent that if the FOV diameter is about 3 00 we can almost double the throughput under the typical seeing condition at OAO. The throughput may be further increased by another several tens of percent with the fiber link, by skipping two mirrors in the coudé train and one window glass at the entrance of the coudé room. Thus, the improvement of throughput by 1 magnitude should be a reasonable goal, considering both our scientific needs and technical feasibility. Now, we consider other specifications of the HE mode. To keep proper spectral resolution even for such a wide FOV, we decided to use an image slicer at the entrance of HIDES. Once the size of FOV is roughly determined, the number of slices can be selected from a trade-off between the spectral resolution and the minimum wavelength to be observed. To increase the spectral resolution, the number of slices needs to be increased, which results in narrower inter-order gaps of an echelle spectrum. In table 1, we list possible observing configurations when we used the red cross-disperser available on HIDES. Here, the R was calculated using an empirical formula in the HIDES recipe. The minimum available wavelength was calculated from a table in the recipe, using a relation that the order N is the number of slices and R is the reciprocal resolution. The minimum available wavelength is calculated so that the inter-order gap of the echelle spectrum becomes 1 00 or 6 pixels.
separation of the echelle spectrum narrows inverseproportional to the square of the wavelength. Here, the minimum wavelength corresponds to the inter-order gap of 6 pixels (or 1 00 ) on the detector. Next, to determine an appropriate spectral resolution, we examined how radial-velocity measurement precision changes with the spectral resolution using a method by Kambe et al. (2002) . Here, the precision is estimated for the Sun when 100000 photons per pixel are accumulated. The precision is largely determined by the sharpness of the stellar lines, and in the case of the solar spectrum it gradually saturates toward higher wavelength resolution. From this calculation, we found that a slit width of 1
00
. 5 may degrade the radial-velocity measurement. Its R is also frequently not high enough for other scientific purposes, like chemical abundance analysis of stars. On the other hand, a slit width of 0
. 75, which requires 4 slices, may restrict the available wavelength region, especially in such a way that it partly ruins the wavelength region used for the I 2 cell technique, that is, between 500 nm and 600 nm. Thus, we concluded that the number of slices of 3 and the R of about 50000 are suited for our purpose. When we use the blue cross-disperser there is no restriction on the available wavelength region.
In the HE mode we chose a simple optical configuration, as follows. We chose to make the telescope pupil onto the input end of the fiber by a microlens, mainly because tracking and guiding of our telescope is not very excellent, and this configuration might be suited for better throughput. We also chose to make a stellar image, or far-field pattern image of the output fiber beam, at the entrance of the spectrograph using a micro lens. This may give less stabilized slit illumination, since fiber image scrambling works more efficiently to the near-field pattern beam. Further, a complicated slit illumination pattern brought by the image slicer may degrade the radial-velocity measurement precision. We, however, decided to use the I 2 cell technique with the HE mode, because the number of sampling pixels of about 4, which corresponds to an R of 50000, is probably high enough to reproduce variable IP by the I 2 technique, so that we can measure the radial velocity of stars with a precision of a few m s 1 . We had been largely encouraged by one of UVES/VLT groups (Kürster et al. 2003) , who reported a radialvelocity measurement precision of a few m s 1 over years, even with an image slicer.
Overview of HE Mode
In figures 2 and 3, we show schematic diagrams of the HE mode and its optical design, respectively. We chose to connect the Cassegrain focus of the telescope and its coudé focus, or the entrance of HIDES, by an optical fiber. Our system consists of a Cassegrain adapter where a fiber input (HE-input) unit is placed, an object (science) and calibration fiber cables, a coudé pre-optics assembly that holds a fiber output (HE-output) unit, a calibration-lamp source box put on the south pier, and controllers and software for the system. The object fiber cable runs from the Cassegrain focus to the center cube at the middle of the hollow polar axis of the telescope, goes through inside the axis, then enters the coudé room, and reaches the coudé focus. With this route, the length of the cable is as short as 12 m.
In the following sections, we describe individual components of the link.
HE-Input Unit
We show the optical layout of the fiber input in figure 4 and the HE-input unit in figure 5. At the Cassegrain focus, the F ratio of incoming stellar light is converted from 18 to 3.7 by a microlens (S-BSL7), and the telescope pupil is imaged onto the input end of the fiber. The diameter of a hole (about 450 m) drilled on a flat mirror, which is placed at the Cassegrain focus just before the microlens, corresponds to a FOV diameter of 2 00 . 7. The mirror is slightly inclined to the optical axis so that reflected light around the hole can be used for guiding. We use the FBP-100-120-140 fiber of the Polymicro Co. Inc. which has a good reputation among the astronomical community due to its small internal absorption at a wider optical wavelength range, and for its low focal ratio degradation (FRD). We chose a core diameter of 100 m for . 7, because the diameter of telescope pupil at the input end of the fiber, 90 m, is appropriate to bring stellar light into the optical fiber very efficiently, and the induced F ratio of 3.7 is fast enough to suppress FRD in the optical fiber (Murphy et al. 2008) . Therefore, for the typical seeing size at OAO, we expect more than 85 percent of stellar light that reaches the Cassegrain focus enters into the optical fiber, assuming that there is no light loss by telescope guiding.
Multiple-layered anti-reflection coatings are applied to the microlens so that the throughput between 400 nm and 700 nm is maximized. We use the FC connector to connect the microlens and the optical fiber (see subsection 2.5), and the microlens is held in its receptacle. A small gap (about 10 m) between the microlens and the fiber is filled with an index-matching liquid to suppress reflections at the optical surfaces. The whole HEinput unit is mounted on a two-axis Gonio stage (no figure shown), so that the telescope pupil is properly imaged onto the input fiber end.
HE-Output Unit
At the coudé focus, F ratio of the output beam from the optical fiber is converted from 3.7 to 29 by a microlens (S-BSL7), and then the stellar image, or the far-field pattern (FFP) image of the optical fiber, is sliced into three by an image slicer (figures 6 and 7). We use the Bowen-Walraven type image slicer mainly because of its high throughput (Walraven & Walraven 1972) . It consists of three fused-silica pieces, which are a small triangular prism, a parallel plate, and a large triangular prism with an inclined slicer edge, and fixed by optical contact alone. Without FRD, the output image size from the fiber should be 3 00 (792 m), but here we chose the angle of the slicer edge that corresponds to 1 00 . 05, giving 5 percent allowance in optics. The thickness of the parallel plate was determined so that three chunks of the sliced image align with small gaps perpendicular to the dispersion. Multiplelayered anti-reflection coatings are applied to the microlens and the image slicer.
The HE-output unit includes an XY stage to finely adjust the relative position between the image slicer and the microlens. It also includes a two-axis angle-adjustment stage, so that the output beam illuminates the HIDES collimator properly. The position of the FFP image exactly coincides with the slit position of HIDES when it is mounted on a renewed coudé pre-optics assembly (see subsection 2.7). 
Fiber Cables
We use the FC plugs at both fiber ends. The optical fiber was threaded into a hole of the ferrule in the plug, and glued by epoxy adhesives. Then, we polished the fiber end together with the ferrule. The bare optical fiber is shielded by a Teflon tube. The sheath of the FC plug, which is an interface to the Teflon tube, was specially manufactured so that little tension is applied to the bare fiber cable (figure 5). From the Cassegrain focus to the center cube of the telescope, the tube is also protected by a plastic flexible tube. Assembly and inspection of the fiber cables as well as other optical components are done in a new optical laboratory at OAO.
Cassegrain Adapter
We show top and bottom views of the Cassegrain adapter around the Cassegrain focus in figure 8 . The adapter consists of a fiber port, an auto-guider assembly, an F-conversion optical unit for calibration lamps (see subsection 2.7), an I 2 cell, and a controller for auto stages and wheels. The fiber port has three piers, so that we can mount up to three fiber input units in the future. The auto-guider assembly, collecting stellar light reflected by the slanted mirror of the HE-input unit, makes either a wide (about 2 00 . 5) or a narrow (about 1 0 ) sky image for pointing and guiding. It has two filter wheels to adjust the illumination level as well as the wavelength region for guiding. We use the Apogee U-260 camera with which up to about 11-th magnitude star can be guided using reflected light just outside the hole in the mirror. The I 2 cell, which was made as designed in Kambe et al. (2002) , is placed just before the focus position, and it is also retractable by an auto linear stage.
Other Components
The calibration-lamp source box is put on a pier of the telescope, and lights from the calibration lamps are brought to the Cassegrain adapter by a 400 m core-diameter optical fiber (FBP series by the Polymicro Co. Inc.). Then, after its F is converted to about 2, the light is led to the Cassegrain focus by a retractable mirror (figure 8). We renewed the base plate of the coudé pre-optics assembly so that the existent slit and two fiber output units can be switched remotely by a linear stage (figure 9).
Control Softwares
We use local control unit (LCU) boards to control auto linear stages, rotating wheels, and on-off devices. The boards were In the upper panel, the HE-input unit at the lower center of the picture is placed at the focus position. The holder of the retractable calibration mirror and the vacuum vessel of the I 2 cell is seen at the upper side of the picture. The F-conversion unit for the calibration lamps is to the left and the auto-guider assembly is to the right. In the lower panel, the I 2 cell retracted from the optical axis is seen above the HE-input unit. Fig. 9 . Picture of the coudé pre-optics assembly. Either the HE-output unit (center) or the conventional slit unit (right) can be set to the focus position by an auto linear stage.
15-6 E. Kambe et al. [Vol. 65, originally developed at OAO to control the 188-cm telescope and various instruments (Yoshida et al. 2002) . The LCU boards can be communicated by RS-232C via terminal servers, to which we can send signals over the ethernet with the TCP/IP protocol. The GUI software is written in Java languages by modifying the one for HIDES.
Performances of HE Mode Fiber Link
We had the scientific first-light of the HE mode fiber link on 2009 December 25, and we made several commissioningphase observing runs. In these observations, we used the red cross-disperser of HIDES because its efficiency is higher than the blue cross-disperser's at the wavelength region longer than 430 nm, in which the region used by the I 2 cell technique is included. In this section, we report on general performances of the HE mode from these observations. Thorough examinations of the performances of the HE mode observations shall be made in individual scientific programs.
Commissioning-Phase Observations
We set three programs in the commissioning-phase observations. One of them consists of initial-phase observations in which we made quick evaluations of the observing system, such as the shape and stability of the echellograms, the spectral resolution, and the short-term radial-velocity measurement precision. For these purposes, we spent 1 to 2 nights in 2010 January, February, and March, and observed both early-and late-type bright stars, radial-velocity standard stars, and some variable stars. A long-term monitoring program also started right after the first-light, and we have spent another 1 to 2 nights in every two months for this program. The main purpose of this second program is to examine the long-term stability of our precise radial-velocity measurement, while some interesting variable stars are also included in the program (e.g., Moritani et al. 2011) . The purpose of the last program is to evaluate our fiber system from real and extensive scientific runs. In cooperations with common-use observers, we had three runs in 2010, two for solar-type oscillations in G giants and one for an exoplanet search around faint solar-type stars.
The IRAF 2 was used in our data reduction. We used almost the same data-reduction procedures as those for conventional slit observations, except that for the flat-field corrections, we used flat frames obtained by the slit configuration either at the beginning or end of each observing run. This is because we haven't established a method to make a normalized flat frame from rather complicate-shape flat frames obtained with the fiber system. But, this method actually has a merit that we can reach a higher signal-to-noise ratio (SNR) because flat frames taken with the slit configuration are free from the fiber modal noise (see subsection 3.4).
Spectral Resolution and Available Wavelength Region
One of the critical components in the HE mode is the image slicer. The angle of its slicing edge and the edge sharpness determine the spectral resolution, and the thickness of the parallel plate determines the inter-order gaps in echelle spectrum, and thus the minimum available wavelength. In figure 10 , we show an echelle spectrum of a Th-Ar lamp obtained by the HE mode. In a preliminary eye inspection, the width and the height of the sliced image are almost what we expected. In figure 11 , we show IP's of spectra extracted from individual ridges of the sliced image as well as that from the combined one. The IP was estimated by modeling the Th-Ar spectrum over 20 nm width at around 550 nm, which was imaged at the on-axis position of HIDES. In the modeling we used a similar method to that of a precise radial-velocity measurement (Sato et al. 2002) ; we searched for the IP that can best reproduce the observed Th-Ar spectrum when an intrinsic Th-Ar spectrum is convolved with it. Here, we assumed a multiple Gaussian profile as the IP, and used the shifted and scaled delta functions as the intrinsic Th-Ar lines, whose wavelengths were quoted from catalog values, and whose scales were treated as free parameters. The R, estimated from the full width at half maximum of the IP, is 55000, which is slightly better than our expectation. In figure 12 , we compare a spectrum of CMi obtained with the HE mode to the McDonald archive spectrum (Allende Prieto et al. 2002) smoothed to the resolution of the HE mode. In this case, the observed spectrum becomes almost identical to the latter when R is 52000. As for inter-order gap, it is about 5 pixels at 440 nm, and becomes zero at 410 nm, which agrees with our expectations. The central image might be used even for shorter wavelength, but a scattered-light correction may become difficult at the wavelength region shorter than 440 nm or so, because it increases rapidly toward bluer wavelength.
Throughput
In this section, we firstly evaluate actual efficiency of our new fiber system from scientific runs of two G-giants, and then discuss the maximum total throughput and its wavelength Fig. 11 . Instrumental profile estimated from the Th-Ar spectra. The dashed-dot, dashed, and dot lines correspond to red, center, and blue ridges of the sliced image, respectively. The solid line corresponds to the combined spectrum from the three ridges. dependence. In figure 13 , we show histograms of the photon counts of Psc and Â 1 Tau at the wavelength region of around 550 nm. They were target stars in multi-site campaigns, and about 1300 spectra were obtained over several months for each star. The photon count was converted to the total throughput in units of percent by dividing the observed count with the ideal value expected from the photon flux reaching the outside of the Earth's atmosphere, which were quoted from Alekseeva et al. (1997) . As the spectra were obtained with the I 2 cell, the absorptions by the cell were corrected. As can be seen from the figure, the throughput reaches as high as 9% at 550 nm. In these observations, the mode of throughput is about 4%, which is more than twice the typical throughput of previous observations. We expected, however, that the mode should shift toward the maximum throughput, because most of stellar light should be brought into the fiber if the seeing size is better than the Fig. 13 . Distribution of the photon count of two G-giant stars: the solid line for Psc and the dashed line for Â 1 Tau. It is measured at around 550 nm, and shown as the total throughput in units of percent, which is the ratio of the observed photon flux to the ideal one outside the Earth's atmosphere. The throughput reaches as high as 9%, while its mode is about 4%.
Fig.
14. The solid line shows the typical wavelength dependence of the total throughput with the fiber system from observations of˛Cyg. The throughput is normalized to be 9% at 550 nm. The dashed line shows the maximum total throughput with the conventional slit configuration with an R of 61000. typical one. So far, we have not identified the causes of this low mode of throughput, but guiding errors and sky conditions like seeing and transparency might contribute to it.
In figure 14 , we show a typical wavelength dependence of the total throughput derived from observations of˛Cyg. Note that the throughput is normalized to be 9% at 550 nm. The dashed line shows the maximum throughput by the conventional slit configuration with an R of 61000 (HIDES recipe). We have noticed that the throughput of the HE mode observations decreases more than that of the slit configuration, toward both bluer and redder wavelength. We estimate that the relative throughput of the HE mode with respect to that at 550 nm is lower by about 30% at 440 nm and 15% at 750 nm than those of the slit configuration. 
SNR
The SNR of spectra obtained by fiber-fed high-resolution spectrographs is frequently lower than that expected from the photon noise, mainly due to fiber modal noise (Baudrand & Walker 2001; Grupp 2003) . We thus checked how the SNR of spectra obtained with the HE mode (SNR obs ) was different from that expected from pure photon noise (SNR ph ), using a statistical formula, 1 SNR 
where SNR rsd denotes noise sources other than the photon noise. We used very high SNR observations of flat frames, Cyg, and˛CMi, which were obtained within ten minutes, so that the fiber cable moved little. We plot the results in figure 15 . Rapid decreases in SNR rsd for > 700 nm in all cases are due to the fringing problem of the CCD detector.
On the other hand, the monotonous decrease of SNR rsd toward the redder wavelength may be explained by the fiber modal noise. Corbett and Allington-Smith (2006) argued that the fiber modal noise problem may be crucial when the spectrum resolution width, Δ s , is as small as the coherent wavelength width, Δ , of the modes that is transmitted in the optical fiber. They are defined as
and
respectively. Here, L is the length of the optical fiber, n is the refractive index, and NA is its numerical aperture. Substituting 550 nm for , 55000 for R, 12 m for L, 1.46 for n, and 0.134 for NA, we estimate Δ s = 0.010 nm and Δ = 0.003 nm. Thus, in the HE mode the Δ s is still three-times larger than Δ . This may explain why the modal noise affects the SNR of our spectra only mildly at the optical wavelength region. Here, we conclude that the fiber modal noise (or any noises other than photon noise) may not be significant up to an SNR of 1500 in the HE mode.
Radial-Velocity Measurement Precision
The slit illumination by our fiber-link is considerably different from that by the slit configuration. Its shape is somewhat complicated due to the image slicer, and during the commissioning-phase observations the slicing pattern was changed from run to run, and even during one run to find a better throughput. In this section, we demonstrate that the same level of the radial-velocity precision to that by the conventional slit observation can be obtained with the available I 2 cell technique, even under such conditions. The results of the radial-velocity measurements presented here were derived by a method described in Kambe et al. (2008) , in which a multiple Gaussian profile was used to model the variable IP. In figure 16 , we plot the radial-velocity variations of Cet, which is known to show a very stable radial velocity among solar-type stars, over the commissioning-phase observations. The exposure time in our observations is typically 5 min. The standard deviation of its radial velocity is 2.3 m s 1 in our observations, but the variations are apparently not random, and show systematic drifts with time scales of a day to a week. In figure 17 , we show radial-velocity variations of HD 113226, which is one of the most radial-velocity stable stars among the target stars of the exoplanet search project around G giants at OAO (Sato et al. 2005) . In this case, the standard deviation of radial-velocity scatter over one year is about 7.4 m s 1 . Although it is larger than that of Cet, it is likely to be affected by variations due to the stellar oscillations. Since the typical time scale of G giants' oscillations is hours to days, we took averages of radial velocities over individual runs for such a run that the star was observed for more than two nights (5 runs out of 7 runs; see figure 17 ). Then, their standard deviation reduced to 4.2 m s
1 . Lastly, it should be noted, an internal error of each spectrum, which was calculated from radial-velocity scatters over all segments (about 4Å width each) used in radial-velocity analysis (Kambe et al. 2008) , frequently became less than 1 m s 1 for bright stars. Therefore, these data can be used our future evaluations of the I 2 cell technique.
Summary and Discussion
We developed the fiber link, HE mode, connecting the Cassegrain focus of the 188-cm telescope and the entrance of HIDES. We found that the maximum total throughput of the He mode observations at around 550 nm becomes as high as 9%, and that its practical throughput is improved by about 1 magnitude. From commissioning-phase observations, we have learned that the fiber modal noise may only become significant when SNR exceeds 1500. We found that the radial-velocity measurement precision reaches a few m s 1 from a year-long monitoring of stars with stable radial velocity, which is at least as good as that with the conventional slit configuration. The HE mode is already open to users from the beginning of 2011.
The improvement of the throughput is mainly brought by the image slicer, which allows us to always collect stellar light within 2.7-arcsecond diameter FOV while keeping an R of 50000. The replacement of the coudé train mirrors with an aluminum coating by the optical fiber and microlenses with AR coating might also contribute to this improvement. The total throughput of 9% is now close to those of the state-of-the-art spectrographs, like HARPS/ESO 3.6-m ( 10.5% for EGGS mode and 6.5% for RV accuracy mode), 4 SOPHIE/OHP 1.93-m ( 10.4% for HE; Perruchot et al. 2008) , and FIES/NOT 2.5-m ( 8% 5 ), but is somewhat lower than those of FEROS/MPG ESO 2.2-m ( 20% 6 ; Kaufer et al. 1999) , and of HERMES/Mercator 1.2-m ( 17%; Raskin et al. 2011 ). The throughput-limiting factor, however, is now considered to be the efficiency of our spectrograph, itself, since it is estimated to be 23% at best (91% for collimator mirror, 60% each for the echelle grating and cross-disperser, 88% for the camera and 79% for the CCD detector and its dewar window), while those of the above-mentioned spectrographs are about 30% and higher. The throughput of the fiber link should be significantly higher than 70%, considering that the atmospheric extinction is 30%, and that the efficiency of the telescope is 78% (91% for the primary mirror and 86% for the secondary mirror) at best.
In the HE mode, we found that the throughput declines more toward both bluer and redder wavelength than does that of the conventional slit configuration. The degradation at the red wavelength may be explained by aberrations of the microlenses. On the other hand, we haven't yet figured out the causes of such a low efficiency at the blue wavelength region. According to the product catalog of the optical fiber, its internal absorption at 450 nm might be stronger by several per cent than that at 550 nm, but this it alone does not seem to explain the 30% loss in the fiber link. We will examine its cause by testing a dead copy of the fiber optics at our laboratory.
For some scientific purposes that need spectra with SNR higher than 1500, special attention must be paid to the fiber modal noise. We now make a fiber agitator to see whether it will cure the problem.
Concerning the radial-velocity measurement precision, the year-long radial velocity scatter of Cet is 2.3 m s 1 and the slow variations with a time scale of a day to a week is seen in our case. Pepe et al. (2011) , however, have shown that its nightly-averaged standard deviation measured by HARPS is 0.92 m s 1 . Slow variations in their data are not as large as those of ours. Thus, it is likely that a few m s 1 is our current long-term radial-velocity measurement precision. Our limitation may be brought by variations of IP, which include both variations of the slit and the grating illuminations, the mechanical stability of the spectrograph, and probably most importantly the radial-velocity analysis software. We plan to evaluate and separate these limitations based on more experimental and observational data in the future.
Lastly, we have begun working on a new fiber link, the HR mode, which provides a reciprocal resolution of about 100000. The FOV will be about 1
00
. 6. Since the resolution corresponds to a slit length of only 0
. 38, the throughput could be drastically improved in this mode.
